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Reduced  graphene  sheets  (RGSs)  were  prepared  via  chemical  reduction  of  graphite  oxide  and  their  mor¬ 
phology  was  characterized  by  atomic  force  microscopy.  The  electrochemical  reduction  of  oxygen  (02) 
with  RGSs  was  studied  by  cyclic,  rotating  disk  electrode,  and  rotating  ring-disk  electrode  voltammetry 
using  the  RGSs-modified  glassy  carbon  (RGSs/GC)  electrode  in  3.5%  NaCl  solution.  The  results  show  that 
02  reduction  undergoes  three  steps  at  the  RGSs/GC  electrode:  electrochemical  reduction  of  02  to  H202 
mediated  by  quinone-like  groups  on  the  RGSs  surface,  a  direct  2-electron  reduction  of  02,  and  reduction 
of  the  H202  produced  to  H20.  The  modification  of  RGSs  results  in  an  obvious  positive  shift  of  the  peak 
potential  and  a  larger  current  density.  The  kinetics  study  shows  that  the  number  of  electrons  transferred 
for  02  reduction  can  reach  to  3.0  at  potentials  of  the  first  reduction  step,  indicating  RGSs  can  effectively 
catalyze  the  disproportionation  of  H202.  Such  catalytic  activity  of  RGSs  enables  a  4-electron  reduction  of 
02  at  a  relatively  low  overpotential  in  neutral  media.  RGSs  are  a  potential  electrode  material  for  microbial 
fuel  cells. 

©  2010  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 

Microbial  fuel  cells  (MFCs)  are  bioreactors  that  generate  elec¬ 
tricity  directly  from  the  degradation  of  organic  substances  with  the 
aid  of  bacteria  [1-4].  Like  other  low-temperature  fuel  cells,  the  slow 
kinetics  of  the  oxygen  reduction  reaction  (ORR)  at  the  cathode  has 
limited  the  energy  production  of  MFCs  [5-1 1  ].  In  order  to  improve 
the  cathode  performance,  one  common  research  interest  in  MFCs 
is  the  development  of  catalysts  [12].  Platinum  (Pt)  is  the  most 
commonly  used  catalyst  for  the  ORR  in  MFCs,  but  it  suffers  price, 
scarcity,  and  possible  poisoning  by  components  of  the  substrate 
or  by-products  [13].  Some  promising  non-Pt  electrocatalysts  have 
been  developed,  such  as  transition  metal  porphyrin  and  phthalo- 
cyanine  [14-17],  polypyrrole  [18],  manganese  oxide  [19-21],  and 
lead  dioxide  [22].  Besides  catalysts,  the  performance  can  also  be 
improved  by  utilizing  high  surface  area  carbon  materials,  such  as 
granular  graphite  and  activated  carbon  fiber  felt  [23,24]. 

Graphene,  discovered  by  Geim  group  in  2004  [25],  is  a  two- 
dimensional  flat  material  consisting  of  monolayer  carbon  atoms. 
This  material  exhibits  excellent  physical  and  chemical  proper¬ 
ties,  such  as  high  electrical  conductivity  [26,27],  high  surface  area 
[28,29],  and  a  large  amount  of  edge-planes/defects  [30],  which 
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makes  it  promising  for  potential  applications  in  electrochemical 
field.  There  have  been  some  studies  on  the  catalysis  of  graphene  and 
graphene-based  composites  for  the  ORR  in  alkaline  and  acid  media 
[31-34],  but  few  in  neutral  media  except  that  Shan  et  al.  proved 
its  better  catalytic  properties  than  graphite  with  cyclic  voltamme¬ 
try  [35].  Therefore,  it  is  quite  necessary  to  study  systematically  the 
catalytic  activity  of  this  material  towards  the  ORR  in  neutral  media 
for  its  potential  application  in  MFCs. 

In  this  work,  we  attempted  to  study  the  mechanism  of  the 
ORR  at  the  reduced  graphene  sheets  (RGSs)  modified  glassy  carbon 
(RGSs/GC)  electrode.  The  electrolyte  used  was  3.5%  NaCl  solution 
for  the  simple  simulation  of  operation  condition  of  benthic  MFCs. 
For  the  first  time,  RGSs  were  found  to  possess  an  excellent  catalytic 
activity  for  the  4-electron  ORR  with  a  low  overpotential  in  neutral 
media. 


2.  Experimental 

2.1.  Chemicals  and  materials 

All  reagents  except  natural  graphite  powder  were  of  analyti¬ 
cal  grade  and  purchased  from  Sinopharm  Chemical  Reagent  Co. 
Ltd.  (Shanghai,  China).  Natural  graphite  powder  (99.99%)  was  sup¬ 
plied  by  Beijing  Chemical  Company  (Beijing,  China).  Milli-Q  water 
(Millipore,  Bedford,  MA,  USA)  was  used  in  all  the  process  of  aque¬ 
ous  solution  preparations  and  washings.  Ultra-high  purity  nitrogen 
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(N2)  and  oxygen  (02)  (Qingdao  Heli  Gas  Co.  Ltd.,  Qingdao,  China) 
gases  were  used  for  the  deaeration  of  solutions  and  the  preparation 
of  02 -saturated  solutions,  respectively. 


2.2.  Synthesis  and  characterization  ofRGSs 

RGSs  investigated  in  this  work  were  synthesized  following  the 
procedure  reported  by  Stankovich  et  al.  [36],  which  consists  of  three 
steps:  preparation  of  graphite  oxide  (GO)  from  natural  graphite 
according  to  Hummers  method  [37],  exfoliation  of  GO  by  sonication 
and  reduction  of  exfoliated  GO  with  hydrazine  hydrate. 

Atomic  force  microscopy  (AFM)  image  of  the  synthesized  RGSs 
was  taken  with  Nanoscope  Ilia  (Digital  Instruments,  USA)  in  tapping 
mode.  After  sonicating  for  5  min  with  an  ultrasonic  bath  cleaner,  a 
droplet  of  the  RGSs  suspension  (0.01  gL-1)  was  cast  onto  freshly 
cleaved  mica.  The  sample  was  kept  at  room  temperature  overnight 
to  let  the  water  evaporate. 


Fig.  1.  AFM  image  ofRGSs  deposited  on  freshly  cleaved  mica. 


3.2.  Cyclic  voltammetry  for  the  ORR 


2.3.  Preparation  of  the  RGSs/GC  electrode 

A  rotating  ring-disk  electrode  (RRDE,  Pine  Research  Instrument 
Inc.,  Grove  City,  PA,  USA)  with  a  GC  disk  (5.61  mm  diameter)  and  a 
Pt  ring  (7.92  mm  outer  diameter  and  6.25  mm  inner  diameter)  was 
used  in  this  study.  The  disk  electrode  was  polished  with  1.0  and 
0.05  |jim  alumina  slurries,  and  then  was  cleaned  by  sonication  in 
water  for  15  min.  Prior  to  the  surface  modification,  as-synthesized 
RGSs  were  dispersed  by  sonication  to  form  a  homogenous  sus¬ 
pension.  The  RGSs/GC  electrode  was  prepared  by  casting  the  RGSs 
suspension  on  the  disk  electrode  surface  and  drying  in  N2  atmo¬ 
sphere  at  ambient  temperature.  The  loading  of  the  RGSs  on  the 
surface  of  GC  electrode  was  ca.  0.2  mg  cm-2. 


2.4.  Electrochemical  measurements 

Cyclic,  rotating  disk  electrode  (RDE),  and  RRDE  voltammetric 
electrochemical  measurements  were  performed  on  a  computer- 
controlled  electrochemical  analyzer  (CHI  760C,  CH  Instruments 
Inc.,  Austin,  TX,  USA)  with  a  three-electrode  electrochemical  cell. 
The  bare  GC  and  RGSs/GC  electrodes  were  used  as  the  working  elec¬ 
trodes.  A  Pt  wire  and  a  KCl-saturated  Ag/AgCl  electrode  were  used 
as  the  counter  electrode  and  reference  electrode,  respectively.  The 
electrolyte,  3.5%  NaCl  solution,  was  bubbled  with  N2  or  02  for  more 
than  20  min  to  make  a  solution  saturated  with  N2  or  02,  respec¬ 
tively,  and  a  continuous  flow  of  gases  was  maintained  over  the 
solutions  during  the  electrochemical  measurements.  All  potentials 
are  reported  versus  the  Ag/AgCl  (KCl-sat.)  electrode.  RDE  and  RRDE 
measurements  were  conducted  with  a  rotation  speed  controller 
(Pine  Research  Instrumentation  Inc.,  Grove  City,  PA,  USA).  In  RRDE 
measurement,  Pt  ring  electrode  was  kept  at  +0.80  V  for  the  oxida¬ 
tion  of  peroxide  produced  at  the  disk  electrode.  All  experiments 
were  carried  out  at  room  temperature. 


3.  Results  and  discussion 

3A.  Surface  morphology  of  RGSs 

Fig.  1  shows  height  tapping-mode  AFM  image  of  synthesized 
RGSs  deposited  on  mica.  Nanosheets  are  flat  and  of  uniform  height 
relative  to  the  mica  substrate  (~0.7-0.8nm).  In  accordance  with 
previous  reports  [38-40],  these  objects  were  interpreted  to  be 
single-layer  sheets.  The  small  particles  in  the  sheets  are  caused  by 
overexposure  to  sonication. 


Cyclic  voltammograms  obtained  at  bare  GC  and  RGSs/GC  elec¬ 
trodes  in  N2-saturated  and  02 -saturated  3.5%  NaCl  solutions  are 
shown  in  Fig.  2.  For  the  bare  GC  electrode,  no  reaction  happens 
except  that  a  small  amount  of  hydrogen  evolves  at  potentials  more 
negative  than  -1.20  V  in  N2-saturated  solution  (curve  a).  However, 
in  02-saturated  solution,  there  are  three  cathodic  peaks  at  ca.  -0.39, 
-0.71,  and  -1.40  V  in  the  potential  window  employed  (curve  b ). 
The  first  peak  at  -0.39  V  can  be  attributed  to  a  2-electron  electro¬ 
chemical  reduction  of  02  to  H202,  mediated  by  the  active  surface 
quinone-like  groups  with  superoxide  anion  (02«~)  as  the  interme¬ 
diate  (reaction  (I,  II))  [41].  At  the  second  step,  02  is  transformed 
into  H202  by  a  direct  2-electron  reduction  (reaction  (III))  at  the  GC 
surface.  Finally,  H202  is  reduced  to  H20  at  the  third  stage  (reaction 


(IV)): 

02  +  e_  02.-  (I) 

02.-  +  2H+  +  e-^  H202  (II) 

02  +  2H+  +  2e_  H202  (III) 

H202  +  2H+  +  2e_  2H20  (IV) 


Similar  to  the  bare  GC  electrode,  the  RGSs/GC  electrode  presents 
no  obvious  cathodic  peaks  in  N2-saturated  solution  (curve  c).  At  this 
electrode,  the  ORR  also  undergoes  three  steps.  The  first  reduction 
process  at  -0.27  V  is  redox  mediated  by  quinone-like  groups  at 
RGSs  surface  (reaction  (I,  II)),  which  is  consistent  with  the  previous 
report  [32 ].  The  second  peak  at  -0.71V  and  the  third  at  - 1 .1 2  V  cor- 


Fig.  2.  Cyclic  voltammograms  recorded  at  bare  GC  (a  and  b )  and  RGSs/GC  (c  and  d ) 
electrodes  in  N2-  (a  and  c)  and  02-saturated  (b  and  d)  3.5%  NaCl  solutions.  Scan  rate: 
50mVs_1. 
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Fig.  3.  RDE  voltammograms  at  bare  GC  (A)  and  RGSs/GC  disk  electrodes  (B)  in  N2- 
(a)  and  02-saturated  ( b-f)  3.5%  NaCl  solutions  at  rotation  rate  of  (b)  200  rpm,  (a)  and 
(c)  400  rpm,  ( d )  600  rpm,  (e)  800  rpm,  and  (f)  1 000  rpm.  Scan  rate:  1 0  mV  s_1 . 


-1/2,  j-1/2  1/2 

c o  /rad  s 


Fig.  4.  (A)  K-L  plots  for  the  ORR  at  different  potentials  (a  and  c,  -0.50  V;  b  and 
d,  -0.90  V)  on  bare  GC  (a  and  b)  and  RGSs/GC  (c  and  d)  electrodes.  (B)  Potential 
dependence  of  n  on  bare  GC  (a)  and  RGSs/GC  (b)  electrodes.  Data  obtained  from 
Fig.  3. 


respond  to  a  direct  2-electron  reduction  of  02  (reaction  (III))  and  the 
reduction  of  H202  to  H20  (reaction  (IV)),  respectively.  By  compari¬ 
son,  the  modification  of  RGSs  greatly  increases  the  peak  current  and 
makes  the  peak  potential  shift  by  ca.  120  mV  in  the  positive  direc¬ 
tion.  These  results  suggest  that  RGSs  have  good  catalytic  activity 
towards  the  ORR. 

3.3.  RDE  voltammetry  and  electron  transfer  number  for  the  ORR 

The  mechanism  of  the  ORR  was  further  studied  with  RDE 
voltammetry  and  the  results  are  shown  in  Fig.  3.  Similar  to  the 
results  obtained  with  cyclic  voltammetry,  three  reduction  steps 
are  recorded  at  these  two  electrodes.  This  modification  with  RGSs 
results  in  an  obvious  positive  shift  of  the  half-wave  potential  and 
a  larger  current  density.  These  differences  may  be  attributed  to 
quinone-like  groups  and  a  higher  surface  area  of  RGSs. 

The  Koutecky-Levich  (K-L)  plots  for  bare  GC  and  RGSs/GC  elec¬ 
trodes  at  -0.50  and  -0.90  V  are  shown  in  Fig.  4A.  The  total  number 
(n)  of  electrons  transferred  for  the  ORR  can  be  estimated  from  the 
K-L  equation: 

1_1_  _ 1 _ 

i  ~  h  +  0.62nFCoDo2/3v-1/6wi/2 

where  i  is  the  measured  current  density,  is  the  current  density 
in  the  absence  of  any  mass-transfer  effects,  go  is  the  angular  veloc¬ 
ity  of  rotation,  and  F  is  the  Faraday  constant  (96485  C  mol-1 ).  The 
values  of  the  concentration  of  02  (C0)  and  the  diffusion  coefficient 
of  02  (D0)  in  3.5%  NaCl  solution  are  cited  as  0.938  x  10-3  M  and 
2.17  x  10-5  cm2  s_1  [42,43].  The  value  of  the  kinematic  viscosity  (v) 
of  3.5%  NaCl  solution  measured  at  our  laboratory  is  0.00956  cm2  s-1 . 
The  dependence  of  n  on  potential  is  shown  in  Fig.  4B. 


The  K-L  plots  for  both  the  bare  GC  and  the  RGSs/GC  electrode 
are  almost  linear,  and  the  intercepts  of  the  extrapolated  lines  at 
-0.90  V  are  close  to  zero,  indicating  the  process  is  almost  entirely 
under  the  control  of  mass-transfer.  As  shown  in  Fig.  4B,  the  varia¬ 
tions  of  n  with  potential  on  these  two  electrodes  are  different.  For 
the  bare  GC  electrode,  the  plot  can  be  divided  into  three  stages.  At 
potentials  more  positive  than  -0.60  V,  between  -0.80  and  - 1 .00  V, 
and  more  negative  than  -1.40  V,  the  values  of  n  are  ca.  1.5, 2.0,  and 
4.0,  respectively.  These  results  are  in  good  agreement  with  those 
from  cyclic  voltammetry.  However,  it  is  not  that  easy  to  identify 
three  stages  for  the  RGSs/GC  electrode.  The  value  of  n  can  reach 
to  3.0  at  -0.50  V,  demonstrating  a  part  of  H202  produced  can  be 
transformed  into  H20  via  the  catalysis  of  RGSs.  Based  on  the  analy¬ 
sis  above,  the  reduction  of  H202  to  H20  occurs  at  the  third  stage,  so 
we  ascribe  it  to  the  disproportionation  of  the  H202  (reaction  (V)). 
At  potentials  between  -0.80  and  - 1 .1 0  V,  the  values  of  n  are  almost 
the  same,  which  means  the  production  and  disproportionation  of 
H202  are  in  equilibrium.  At  more  negative  potentials,  the  values  of 
n  have  further  increase  due  to  the  reduction  of  H202. 

2H202  -*  2H20  +  02  (V) 

3.4.  RRDE  voltammetry  for  the  ORR 

The  RRDE  voltammograms  for  the  ORR  obtained  at  the  bare  GC 
disk  electrode,  the  RGSs/GC  disk  electrode,  and  Pt  ring  electrodes 
in  3.5%  NaCl  solution  are  shown  in  Fig.  5.  For  both  electrodes,  ring 
current  exhibits  two  oxidation  peaks,  demonstrating  02  is  reduced 
to  H202  via  two  pathways.  This  result  also  suggests  our  definition 
of  the  first  two  peaks  in  cyclic  voltammograms  is  reasonable.  At 
potentials  more  negative  than  -1.20  V,  the  ring  current  decreases 
sharply,  which  again  confirms  that  the  reduction  of  H202  occurs 
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o.5  L  Ring  electrode 


£/V(vs.  Ag/AgCl,  KCl-sat.) 


Fig.  5.  RRDE  voltammograms  with  a  rotation  rate  of  400  rpm  for  the  ORR  at  bare 
GC-Pt  RRDE  (a)  and  RGSs/GC-Pt  RRDE  ( b )  in  02-saturated  3.5%  NaCl  solution.  Scan 
rate:  10mVs_1. 

at  this  step.  By  comparison,  the  modification  of  RGSs  results  in  an 
obvious  increase  of  the  ring  current  at  the  first  reduction  step  and  a 
decrease  at  the  second  stage,  which  indicates  that  RGSs  can  effec¬ 
tively  catalyze  the  formation  of  02*“  and  the  disproportionation 
of  H2O2.  These  results  showed  that  RGSs  are  a  kind  of  bifunctional 
catalyst  towards  the  ORR. 

4.  Conclusions 

The  present  work  demonstrates  that  RGSs  have  high  catalytic 
activity  towards  the  ORR  in  neutral  media.  RGSs  were  found  to  pos¬ 
sess  excellent  catalytic  activity  for  the  disproportionation  of  H202, 
which  facilitates  the  4-electron  ORR  with  a  low  overpotential.  This 
work  not  only  provides  an  insight  into  the  mechanism  of  the  ORR 
catalyzed  by  RGSs,  but  also  offers  theoretical  basis  for  the  future 
application  of  graphene  as  cathode  materials  for  MFCs. 
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